Chemotactic receptors at the bacterial cell surface communicate with flagellar basal structures to elicit appropriate motor behavior in response to extracellular stimuli. Genetic and physiological studies indicate that the product of the cheY gene interacts directly with components of the flagellar motor to control swimming behavior. We have purified and characterized the Salmonella typhimurium CheY protein and have determined the nucleotide sequence of the cheY gene. Amino acid sequence comparisons showed CheY to be homologous over its entire length (129 residues) [1] [2] [3] . These membrane proteins are also controlled by two intracellular enzymes: a transferase (4), which catalyzes the methylation of specific receptor glutamyl residues (5, 6), and an esterase (7), which demethylates these groups. The regulatory interaction between the receptors and the flagellar motor appears to be indirect. Recent results indicate that the product of the cheY gene relays information from the receptors to the flagella by interacting directly with components at the flagellar basal structure (8, 9). For instance, missense mutations in che Y may be corrected by allele-specific compensatory mutations in genes that encode flagellar proteins (8).
protein and have determined the nucleotide sequence of the cheY gene. Amino acid sequence comparisons showed CheY to be homologous over its entire length (129 residues) to the N-terminal regulatory domain of another protein involved in chemotaxis, the CheB methyl esterase. The entire CheY protein and the regulatory domain of CheB are also homologous to the N-terminal portions of the Escherichia coUl OmpR and Dye proteins and the Bacllus subtilis SpoOA protein. These homologies suggest an evolutionary and functional relationship between the chemotaxis system and systems that are thought to regulate gene expression in response to changing environmental conditions. During bacterial chemotaxis receptors at the cell surface modulate motor behavior in response to binding of extracellular stimulatory ligands (for review, see refs. [1] [2] [3] . These membrane proteins are also controlled by two intracellular enzymes: a transferase (4), which catalyzes the methylation of specific receptor glutamyl residues (5, 6) , and an esterase (7) , which demethylates these groups. The regulatory interaction between the receptors and the flagellar motor appears to be indirect. Recent results indicate that the product of the cheY gene relays information from the receptors to the flagella by interacting directly with components at the flagellar basal structure (8, 9) . For instance, missense mutations in che Y may be corrected by allele-specific compensatory mutations in genes that encode flagellar proteins (8) .
In this communication, we report the purification and characterization of the Salmonella typhimurium CheY protein, together with the sequence of the che Ygene. Our results indicate that CheY is a Mr 14,000 monomeric protein present at relatively high concentrations, about 20 AuM, in the cytosol of wild-type S. typhimurium cells. A search for homologies with other proteins revealed that CheY is homologous to a portion of the CheB methyl esterase, and both CheY and CheB are related to a family of bacterial proteins that are thought to be transcriptional regulators. These include the products of a gene from Bacillus subtilis that is required for sporulation, spoOA (10, 11); a gene that is involved in the regulation of porin expression in Escherichia coli and Salmonella, ompR (12) ; and an E. coli gene involved in expression of the sex factor F, dye or sfrA (13) . This finding indicates a common evolutionary origin for all these regulatory systems and suggests that similar molecular mechanisms may be involved.
MATERIALS AND METHODS
Strains and Plasmids. Salmonella strains were derived from the chemotactically wild-type LT2 variant, ST1 (14, 15) . The plasmid, pGK24, used to overproduce the CheY protein, is a derivative ofpBR322 containing che Yand cheZ under control of the lac promoter (16) . E. coli MM294recA (from B. Ames, Univ. of California, Berkeley) was used as host. The cheY gene used for sequencing was from pME1, a pUC12 derivative containing the Meche operon as part ofa 10-kilobase Pst I genomic DNA fragment from S. typhimurium ST1. A 4-kilobase Sma I fragment of pME1 encoding two-thirds of tar, cheR, cheB, cheY, and half of cheZ was inserted in both orientations into the polylinker region of M13 mplO (17) (25) . Immunoprecipitates were solubilized in 2% NaDodSO4 and electrophoresed on a NaDodSO4/15% polyacrylamide gel, and the gel was autoradiographed.
responding to that of the CheY monomer. A similar molecular weight was observed when crude cell extracts from E. coli or S. typhimurium were subjected to molecular sieve chromatography. Affinity columns prepared with rabbit antiCheY antibodies failed to bind significant quantities of any protein except CheY from extracts prepared from S. typhimurium ST1.
Involvement of CheY in the Methylation of Chemotaxis Proteins. We have previously shown that cheY mutants exhibit essentially wild-type increases in receptor methylation in response to attractant stimulation (26) . In vitro methylation and demethylation assays with extracts prepared from wild-type Salmonella and E. coli showed that neither transferase nor esterase activity was affected by saturating levels of anti-CheY antibody. Thus, CheY probably does not play a central role in the regulation of receptor methylation. Rates of methylation in S. typhimurium che Y mutants did tend to be slightly higher than those in wild type (Fig. 3) . This effect may be caused by a rather indirect mechanism, however. For instance, CheY might compete with the transferase for a common binding site on the receptor or for binding of a common small molecule.
Nucleotide Sequence of the cheY Gene. The nucleotide sequence of che Y was determined as part of the sequence of the S. typhimurium Meche operon. The 387-base-pair open reading frame (Fig. 4) was identified as che Y by comparison of the predicted N-terminal amino acid sequence with the N-terminal sequence of the purified CheY protein (residues underscored in Fig. 4 starting from alanine-2 of the predicted sequence). The initial formylmethionine appears to be cleaved in the mature protein. The nucleotide sequence predicts a protein with a molecular weight of 13,980 and a pI of approximately 5.0, values consistent with those determined for the purified CheY protein. The amino acid sequence of S. typhimurium CheY is 98% homologous with that of E. coli CheY (27) . Residues phenylalanine-51, isoleucine 54, and serine-76 in Salmonella are replaced in E. coli by tyrosine, valine, and glycine, respectively. There is also considerable homology at the nucleic acid level. The coding regions of the S. typhimurium and E. coli genes are 83% homologous with stretches ofidentical sequence extending as much as 40 base pairs.
The translational initiation region of cheY is of special interest because of the relatively high levels of expression of this gene (28) . From immunoprecipitation assays we estimate that CheY is present at a concentration of roughly 20 uM in the cytosol of wild-type Salmonella cells. The intergenic region between the che Yinitiation codon and the termination codon ofthe preceding gene, cheB, is small in both E. coli and Salmonella. The E. coli sequence, TAAATCAGGAGTGT-GAAATG is not the same as that found in Salmonella, TGAACCAGGAGTAGTATT' lATG. Although both contain the same AGGAG Shine-Dalgarno ribosomal binding site (29, 30) three bases distal to the cheB termination codon, the remainder of the sequence is different. There are, for instance, three more bases between the ribosomal binding site and the initiation codon in Salmonella. This lack of conservation suggests that sequences outside the immediate region of translational initiation may be important for the elevated expression of che Y.
Amino Acid Homologies Between CheY and Other Proteins. The predicted amino acid sequence of CheY was first compared to the sequences of the other products of the S. typhimurium Meche operon: Tar, CheR, CheB, and CheZ. The only significant relationship detected by the FASTP search algorithm of Lipman and Pearson (31) was between CheY and the receptor demethylating enzyme, the CheB methylesterase. Essentially the entire CheY protein was found to be homologous to the N-terminal third of CheB ( Fig.  5 and Table 1 ). A search was also conducted comparing CheY to the sequences in the Dayhoff collection (32) . The only significant relationship was with the E. coli OmpR protein ( Fig. 5 and Table 1 ). As in the CheY-CheB relationship, the CheY-OmpR homology involves essentially the entire length of CheY and covers the N terminus of OmpR. Comparison of CheB with OmpR indicated a corresponding relationship between the N termini of these proteins. CheY, CheB, and OmpR have identical residues at 16 positions while 13 residues are specifically shared between CheY and CheB, 18 are specific to the CheY-OmpR homology, and 17 are shared only by CheB and OmpR. Thus, the three proteins seem almost equally related with no specific pair more homologous than any other.
OmpR controls the gross permeability properties of the cell by acting as a positive transcriptional regulator of porin expression (33, 34) . OmpR is cotranscribed with one other gene, envZ (33) , the product of which appears to be a membrane protein with an overall structure analogous to that of the chemotaxis receptors (35) . There are two regions of limited homology between EnvZ and the chemoreceptors (36-39): a 60-amino acid stretch at their N termini (20% identity) and a 150-residue region near their C termini (16% identity). Genetic studies indicate that EnvZ regulates the activity of OmpR in response to changes in osmotic pressure (33) . Thus, it seems likely that the systems responsible for osmoregulation and chemotaxis in E. coli share, at least in part, a common evolutionary origin.
Since this search, new protein sequences have become available, and two of these, predicted from the nucleotide sequences of the E. coli dye (13) and Bacillus subtilis spoOA genes (10) , have been shown to be related to OmpR. Therefore, we compared both CheY and CheB to Dye and SpoOA (Fig. 5 and Table 1 ). CheY shares approximately the same degree of identity with these proteins as with OmpR, and the homologies extend over corresponding N-terminal regions. Whereas the CheB-Dye relationship is also similar to that between CheB and OmpR, the CheB-SpoOA homology is considerably more extensive. The entire length of SpoOA is homologous to the N-terminal two-thirds of the CheB protein. The relationship between SpoOA and CheB seems to be significantly greater than that between SpoOA and any other protein. In all cases, however, similarities are greatest between N-terminal sequences spanning a region roughly equivalent to the length of CheY. Thus, the CheY protein seems to be homologous to a domain that recurs in modified form in at least four other proteins, each of which plays a central role in a different set of regulatory interactions. OmpR-1
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DISCUSSION
Our results indicate that CheY is a small protein, Mr = 14,000. The amino acid sequence contains no histidine nor cysteine residues. Salmonella CheY is similar to the corresponding protein in E. coli (27) with only three conservative (31) . The length of each homology is given in total number of aligned residues together with the alignment, counting the formylmethionine encoded by each gene as 1. The statistical significance of the homologies was also evaluated. Similarity scores (31) for each protein pair were compared in terms of standard deviation from the mean to scores obtained when their sequences were randomly shuffled. Values of 3-6 are considered possibly significant, [6] [7] [8] [9] [10] The CheY-CheB sequence homology suggests parallels between the functions of these two proteins. CheB directly interacts with the receptors to catalyze the hydrolysis of glutamyl methyl esters. The enzyme has been shown to be composed of two distinct domains (40) . The N-terminal third of the protein, the portion homologous to CheY, comprises a regulatory structure that is not required for esterase activity. Proteolytic removal or genetic deletion ofthis region results in a greater than 15-fold activation of the enzyme. Repellent stimuli cause a dramatic activation of CheB in vivo (41) , an effect that parallels the generation of a motor response. Considerable evidence suggests that CheY interacts directly with the flagellar apparatus to control swimming behavior (8, 9) . Activation of CheY and CheB by a common receptor-generated signal would provide a mechanism to simultaneously produce a response and initiate its feedback attenuation.
The homology of CheY and CheB to OmpR, Dye, and SpoOA suggests a common mode of action. OmpR acts at the level of transcription to regulate expression of outer membrane proteins in response to changes in extracellular osmotic pressure (33, 34) . Dye is thought to function to regulate the expression of several membrane proteins (13) . The B. subtilis SpoOA protein is required to effect the developmental switch from vegetative growth to endospore formation in response to conditions of nutrient deprivation (42, 43) . Since there is no indication that CheY or CheB acts at the level of transcription, it seems likely that this function ofOmpR, Dye, and SpoOA is provided by their C termini. In this respect the proteins may be similar to CheB, each having N-terminal regulatory domains that control C-terminal effector regions. Despite an apparent diversity in effector functions, all five proteins are similar in that they modulate cellular behavior in response to changing environmental conditions. The sequence homologies argue strongly for an evolutionary relationship and raise the possibility that a common mechanism of information processing may be operating in all these systems.
